ABSTRACT In this paper, a novel design of a co-polarized transmission window within the cross-polarized reflection band of a polarization converted meta-surface (PCM) is presented. First, a dual-band reflective polarization converted meta-surface is designed. In each band, the incoming linearly-polarized electromagnetic wave will be efficiently reflected with its cross-polarized state. The two bands are separated by a co-polarized reflective band. Second, a pass-band frequency selective surface (FSS) with the highselective response is constructed. Its operating pass-band is positioned in the same range as the co-polarized reflective band of the PCM. Third, the reflected PCM without metal backing is integrated with the pass-band FSS, namely, a novel dual-band reflected PCM with a transmission window is realized. The −0.5dB-bandwidths of the two cross-polarized reflective bands are about 3.8 GHz (5.66∼9.46GHz) and 2.0 GHz (16.9∼18.9GHz), respectively. The −3-dB bandwidth of the transmission window is approximately 1.35 GHz (12.2∼13.55 GHz). Lastly, the proposed structure prototype is fabricated and tested. The measured results are in good agreement with the simulated ones. In addition, the principle of operation and detailed design is also presented and discussed.
I. INTRODUCTION
Frequency selective surfaces (FSSs) have been the subject of intensive study because of potential military and other different applications ranging from microwave systems to radar and satellite communications [1] - [10] . Especially, FSSs as frequency selective materials have been used in stealth technology for reducing the radar cross section (RCS) of communications systems. In fact, the FSS stealth technology is dependents on the shape of radome of the communications system. Namely, when the electromagnetic (EM) wave within the FSS's stop band, is illuminated on the surface of radome, the EM wave will be reflected. The reflected and incident waves obey the reflection law. If the incidence angle is larger than zero, the incidence wave will be reflected along symmetric direction with respect to incident direction, thus, the radome is invisible. However, the radomes are visible for normal incidence waves, because the incoming wave will be reflected along its same way, as described in Fig.1 
(a).
The associate editor coordinating the review of this manuscript and approving it for publication was Xiu Yin Zhang. Fortunately, polarization conversion meta-surface (PCM) can be applied to solve this problem.
Recently, meta-surface has attracted extensive attentions [11] - [21] . Meta-surfaces are two-dimensional periodical array composed of sub-wavelength structure, which can freely control and manipulate polarization state, transmission direction and phase of electromagnetic wave. The PCMs can change the polarization direction of the linearly polarized EM wave. Namely, taking reflected type PCM for example, the horizontal-(vertical-) polarized incident EM wave is converted to vertical-(horizontal-) polarized reflected wave, VOLUME 7, 2019 This as shown in Fig.1 (b) . Obviously, the PCM will be significance in the area of stealth of aircraft, especially to antagonize the detection of linearly polarized radar. However, the existing reflected PCM cannot be directly applied for communication system stealth. Because that these PCMs depends on the reflection of metallic backing. Though the external EM wave is reflected, the inner operating signal is also blocked. Thus, for a communication system, the metallic backing must remove so that the inner signal can transmit freely.
In this paper, we present a dual-band, FSS-backed, polarization converted meta-surface, which is different from other ones with metallic reflective backing. In this work, the metallic backing is substituted for an FSS layer. The proposed design can be applied for radome stealth. The proposed design contains polarization conversion array and FSS layer separated by a layer of foam. The polarization conversion array is pattern on the surface of polyimide. The FSS layer is a band-pass structure which contains three metallic arrays separated by two dielectric substrate of F4B-2. This work has excellent characteristics as follows, The external incident linearly polarized waves, within the two polarization conversion band, are rotated to its orthogonal counterpart after reflection. In the meanwhile, operating at the frequency range between the above two polarization conversion bands, the EM wave will transmit keeping with its same polarization state freely. This ingenious designing can be significantly to against detection of incoming wave under normal incidence as depicted in Fig.2 , or other small curvature radomes. Because that this kinds of radomes are visible for the detected radars. In what follows, the operating principle, structure description, the reflected PCM design and analysis, the simulated and measured results are presented and further discussed.
II. DESIGN PROCEDURE AND SIMULATION

A. POLARIZATION CONVERSION META-SURFACE DESIGN
For reflected PCM designing, a variety of structures are used. Such as metal dipoles, split-ring resonators (SRR) [15] , modified SRR [16] , and double-head arrow resonators [17] . These structures generally generate only one polarization conversion band with wide or ultra-wide response. Dualband PCMs are also required [19] . The unit cell of proposed dual-band reflected PCM is shown in Fig.3 . It is composed of three pairs of oblique V-shaped dipoles with different dimensions and a metallic ground sheet, which are separated by a foam layer. In order to fabricate, the V-shaped dipoles are pattern on a very thin polyimide film with thickness of 60µm. Generally, in the sets of simple structure, each pair of oblique V-shaped resonators can generate symmetric and anti-symmetric modes [17] , which are excited by electric-field components along v-axes and u-axes, respectively, as shown in Fig.3 (c) . It has been demonstrated that the V-shaped resonators are capable of rotating a linearly polarization wave to its cross-polarization state. One pair of V-shaped resonator can generate one polarization conversion band, thus, three pairs of oblique V-shaped structure are adopted to generate a dual-band of polarization conversion performance. In Fig.3 , the yellow areas denote copper with the electric conductivity σ = 5.8 × 10 7 S/m and thickness of 18µm, the green areas indicate polyimide film with dielectric constant of 3.4 and loss tangent tan(δ) = 0.001, the grey areas represent foam layer. The geometrical parameters of the unit cell are chosen as follows:
The simulation is implemented using CST Microwave Studio which is also applied in subsequent numerical researches. Supposing a y-polarized EM wave (E i ) is incident normally on the surface of the PCM along z-direction. Considering anisotropy of the structure, as shown in Fig.3 , the reflected wave contains both cross-and co-polarized components. Defining r xy = |E xr |/|E yi | and r yy = |E yr |/|E yi | as cross-and co-polarized reflection coefficients, respectively, for the y-polarized incidence. And then, the polarization conversion ratio (PCR) can be defined as PCR= r 2 xy /(r 2 xy + r 2 yy ). Under normal incidence, the simulated results including cross-polarization, co-polarization and PCR are shown in Fig.4 . From Fig.4 , it can be seen that there are two flat polarization conversion bands with high PCR. For the lower frequency band, the 0.5dB bandwidth is 3.80GHz (from5.66GHz to 9.46Gz), in which the co-polarized reflection is less than -10dB. The relative bandwidth is nearly 50% resulting from the two key resonances of 6.55GHz and 8.40GHz. For the higher frequency band, the 0.5dB bandwidth is 2.0GHz (from 16.9GHz to 18.9HGz), in which two great resonances at 17.32GHz and 18.42GHz occur, leading to a flat band with higher PCR of more than 97%.
To present the physical principle of the two polarizations conversion bands of the PCM as shown in Fig.3 (c) , in which x-y and u-v coordinates are all given. Obviously, the structure has a symmetric axis defined by v-axes along 45 • direction with respect to y direction. Thus, the PCM can be regarded as an anisotropic meta-surface. The x-y coordinate and u-v coordinate are used to mark EM wave direction and the anisotropic property of the PCM, respectively. For brevity, a normal y-polarized incident wave was considered and analysized qualitatively. The electric field vector E i can be decomposed into u-component (E ui ) and v-component (E vi ), obviously, the magnitude of E ui is exactly equal to that of E vi . When the electric field E ui is incident on the V-shaped structure, an electric resonance is excited. Therefore, the incident wave will be reflected without the difference of phase, namely, E ur . Differently, the incident wave (E vi ) was reflected with an accessional phase of π, namely, E vr . Because that the incident wave (E vi ) is incident on the V-shaped structure, in low frequency range, the electric resonance is not excited. Thus, the incident wave will be reflected by the metallic ground.
The corresponding co-polarization (v-and u-polarized wave) reflections under normal incidence are simulated, respectively, as shown in Fig.5 . In our focus frequency band, it is shown that there are four dips for co-polarization reflection. One eigen-mode is excited by v-polarized wave, while the other three eigen-modes are excited by u-polarized wave. Thus, four plasmon resonances can be excited when y-polarized wave is incident on the surface of polarization rotating structure, as shown in Fig.3 (c) , since both v-and u-components exist simultaneously in this state.
Furthermore, the surface current distributions on the oblique V-shaped structure and metallic ground at four engine frequency shown in Fig.5 are presented for understanding clearly, as shown in Fig.6 . In Fig.6 (a) , the induced surface currents on the external V-shaped structure are anti-parallel to those on the metallic ground, which indicates that the first plasmon resonance is resulted from magnetic resonance. In Fig.6 (b)-(d) , the induced surface currents on the V-shaped structures are parallel to those on the metallic ground, which indicates that these three resonances are resulted from electric resonance. Fig.6 (a) and (b) show that the surface currents are mainly induced on the exterior V-shaped structure at the plasmon resonances at 5.5GHz and 10.7GHz. It means that the two resonances lead to the lower frequency band. Fig.6(c) shows the surface current of the 16.6GHz, are mainly induced on the same V-shaped structure with Fig.6 (a) . Differently, there are two segments of current with contrary direction, which belongs to second-order plasmon resonance. Fig.6 (d) shows the surface current of 19.0GHz, it is mainly induced on inner to small size of V-shaped structure. Fig.6 (c) and (d) show the surface current, resulting in the higher frequency band.
B. FREQUENCY SELECTIVE SURFACE DESIGN
As a radome, the proposed FSS should behave excellent performances as follows: (i) it has an efficient transmission in the operating band; (ii) it has a wide stop band with high reflection coefficients, in this case, the FSS backing can be regarded as a metallic ground; and (iii) it has a sharp rejection band on both sides of operating band. To these aims, inspired from reference [9] , [10] , a second-order band-pass FSS is synthesized as shown in Fig. 7(a) , in which the structure is composed of three metallic arrays separated by two same substrate layers from one another. The top and bottom layers are composed of square rings, while the middle layer is consisting of grids, as shown in Fig.7 (b) and (c), respectively. In simulation, copper with the electric conductivity σ = 5.8 × 10 7 S/m is used for the metallic pattern. The dielectric substrate is F4B-2 with ε r = 2.65 and loss tangent tan(δ) = 0.001. To reach an excellent goal such as minimum insertion losses, sharper rejection on both sides of the pass-band, the geometry parameters of the unit cell are optimized as follows: p x = p y = 6mm, s = 0.7mm. g = 0.66mm, w = 0.55mm, l = 1.45mm. The thickness of the substrate (F4B-2) is 1mm. The simulated results are shown in Fig.8 . From Fig.8 , it can be seen that there is a pass band at about 12.5GHz. In the low frequency ranges (below 10GHz), the transmission coefficient is less than −10dB. In the high frequency range, the incident wave is fully reflected. Therefore, both in the low and high frequency ranges, the FSS can be completely regarded as a perfect metallic ground, which plays an important role in designing FSS-backed PCM. Due to its symmetry structure, the s-parameters of cross-polarization wave are neglected.
C. FSS-BACKED PCM DESIGN
Based on the analysis in section A, the reflected PCM requires a metal ground plane to realize the polarization rotating performance. Unfortunately, the metal ground plane is not used for a communicate system. Thus, the metallic ground plane in Fig.3 (a) is replaced with an FSS shown in Fig.7 (a) . A three dimensional geometry of the proposed FSS-backed PCM is shown in Fig.9 , which is composed of an FSS layer and a thin polyurethane layer separated by a foam layer. The oblique V-shaped structures are pattern on one surface of the polyurethane. The periodicity of the FSS-backed PCM is same with the one of reflected PCM structure shown in Fig.3 . i.e. 12mm. The thickness of foam layer is 6mm. The other geometry parameters are not changed with that of single FSS or PCM.
To understand the operating principle of the proposed design, it can be described using an equivalent circuit model (ECM). The square loops, wire grids and V-shaped structures were studied in [6] - [9] . Thus, the ECM of the proposed structure can be obtained as shown in Fig.10 . In Fig.10 , L i and C i (i = 1, 2, 3 and 4) represent the inductor and capacitor, respectively. The ECM contains three parts. The left is consisting of two seriesLC(L 1 -C 1 ) circuits and one inductor L. The square loop can be medalled as a seriousLC(L 1 -C 1 ) circuit while wire grid can be thought as an inductor. In addition, the dielectric substrate is a piece of equivalent transmission line. The left part represents model of the FSS. The right part denotes the model of three pairs of V-shaped structures, including three parallelLC circuits. The left and right parts are separated by a quart wavelength impedance converter. Obviously, this ECM is non-reciprocal. Namely, in the operating band of FSS, the transmission coefficients are consistent when the electromagnetic wave transmits from port 1 to port 2, or along opposite direction. However, in the rejected band, the incident wave will be reflected with its co-polarization state when the electromagnetic wave transmits from port 1 to port 2, while the incident wave will be reflected with its cross-polarization state when the electromagnetic wave transmits from port 2 to port 1. The dielectric substrate supporting the structure is considered as a short transmission line with the length of d = h and wave impedance of Z = Z 0 /ε 1/2 r . The free space at both sides of the FSS structure is modeled as a transmission line with characteristic impedance of Z 0 = 377 .
In simulation, an x-polarized EM plane wave is incident normally onto the surface of the FSS-backed PCM along z-direction, as shown in Fig.9 . The co-polarized transmission and reflection are shown in Fig.11 (a) . It is shown that there is VOLUME 7, 2019 FIGURE 12. Fabricated prototype of the PCM-FSS and measurement setup.
a transmission window centered at 12.5GHz. Its −3dB bandwidth is about 1.3GHz (11.6∼12.9GHz). In addition, there is a sharp rejection response on both sides of the transmission window. Furthermore, there are two reflection bands in which the reflection coefficients are less than −10dB. The lower frequency band rang is from 5.66GHz and 9.46GHz while the higher frequency band is between 16.9GHz and 18.9GHz.
As the simulated results, the cross-polarized s-parameters are also given, as shown in Fig.11 (b) . It is shown that there are two cross-polarized reflection bands in which the PCRs are higher than 90%, as predicted in Fig.4 (b) . The −0.5dB bandwidth of lower frequency band is about 3.8GHz covering from 5.66GHz to 9.46GHz while the one of higher frequency band is 2GHz covering from 16.9GHz to 18.9GHz. In addition, cross-polarized transmission is less than −20dB covering from 2GHz to 22GHz. Obviously, in this two bands the x-polarized waves are completely reflected with it crosspolarized state, i.e., y-polarized wave. This property can play an important role in stealthy area, as described in section I.
Considering the asymmetry structure as depicted in Fig.3 , for normal incidence, the y-polarized wave has the same transmission and reflection performances with that of x-polarized wave. Thus, the s-parameters under y-polarized incidence are not discussed.
III. EXPERIMENT RESULTS
To verify the proposed FSS-backed PCM performance, an FSS and a PCM prototype were fabricated, respectively, using the printed circuit board (PCB) technology. The FSS is composed of two F4B-2 substrates with the same parameters as that used in simulations. Square loops array and wire grids were patterned on both surfaces of the one substrate, and the same periodic structure consisting of square loops was arranged on one surface of the other substrate, whose other surface without any metallic structure, was affixed to the surface containing wire grids of the first substrate using bonding film. The PCM structure composed of three pairs of V-shaped structure is patterned on one surface of polyurethane film with thickness of 0.06mm. At last, the fabricated FSS and PCM layer were affixed together via a foam layer with thickness of 6.0mm. The fabricated FSS-backed PCM sample can be obtained and measured in a microwave anechoic chamber using a free space measurement method. To decrease the effect of edge diffraction, the dimension of prototype is about three or more times of the operating wavelength. The size of the proposed prototype is 360mm × 360mm as shown in Fig.12 (a) and (b) .
The measurement was shown in Fig.12(c) . The sample was placed on a rotated platform with two standard gain horn antennas, which were served as the transmitter and receiver, respectively. Firstly, the co-and cross-polarization transmissions were measured when the receiving horn antenna was rotated by 0 • and 90 • , respectively. The transmission T 0 without the FSS and the transmission T with the FSS were measured, respectively. Then, T is normalized with respect to T 0 , so as to mitigate the influence of the test system and environment. Secondly, the co-and cross-polarization reflections were measured when the receiving horn antenna was also rotated by 0 • and 90 • , respectively. Differently, to carry out the measurement under normal incidence, the orientations of the two antennas should be ideally close with each other. Thus, the separation angle between the two arms was set as 6 • for the finite size of the fabricated prototype. Furthermore, to eliminate the effects of edge diffraction the sample, the reflections of the metallic sheet with same size were also measured when the sample is reversed, and the measured cross-and co-polarization reflections were both calibrated by it. The measured results under normal incidence are given in Fig.13 . For comparison, the simulated results are also given. Obviously, the measured results are respectively in good agreement with the simulated ones.
IV. CONCLUSION
In this paper, a new technique for design stealth radome, especially for normal incoming wave, was presented. The proposed design allows co-polarization EM wave transmitting efficiently within the operating band, while crosspolarization waves are reflected within the reflected band of the single FSS. The principles of the operation of the proposed FSS-backed PCM along with measured results of the fabricated prototype are presented and discussed. The presented structure can be applied to design a small curvature or flat type stealth radome, especially used in stealth of naval vessel. 
